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Abstract
Recently it has been shown that string gas cosmology, an alternative model
of the very early universe which does not involve a period of cosmological infla-
tion, can give rise to an almost scale invariant spectrum of metric perturbations.
Here we calculate the non-Gaussianities of the spectrum of cosmological fluc-
tuations in string gas cosmology, and find that these non-Gaussianities depend
linearly on the wave number and that their amplitude depends sensitively on
the string scale. If the string scale is at the TeV scale, string gas cosmology
could lead to observable non-Gaussianities, if it is close to the Planck scale,
then the non-Gaussianities on current cosmological scales are negligible.
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1 Introduction
One of various alternative scenarios to inflation is string gas cosmology (SGC) [1, 2].
Unlike the usual inflationary models, SGC does not assume a quasi-de Sitter phase in
which the universe undergoes an exponential growth. Instead, in SGC, there exists
a quasi-static Hagedorn phase, during which thermal fluctuations of closed strings
generate the density perturbations which seed the wrinkles in the cosmic microwave
background (CMB) and the large scale structure of our universe today. In [3, 4], it was
shown that metric perturbations in SGC yield a scalar power spectrum consistent with
current experiments, and predict a slight blue tilt to the spectrum of gravitational
waves [5].
SGC can be embedded naturally into string theory, which is the most promising
candidate for quantum gravity. Potentially, SGC can overcome some of the conceptual
problems of the inflationary scenario such as the singularity problem [6] and the trans-
Planckian problem for fluctuations [7].
SGC is based on taking into account the new degrees freedom (oscillatory and
winding modes) and new symmetries (T-duality) of string theory. The oscillatory
modes lead to a maximal temperature (Hagedorn temperature [8]) which a gas of
strings can attain. In turn, the presence of a maximal temperature gives rise to the
hope that in SGC one may avoid the cosmic singularity. Also, through the dynamical
process of collision of string winding modes, our universe can naturally evolve from
(9+1) or (10+1) compact dimensions to a space-time with (3+1) large dimensions
where we live today [1, 2]. In short, SGC opens a new window to study the early
universe. Various issues have been discussed in the literature (see [9, 10, 11] for
reviews and references to other work on string gas cosmology). In particular, string
gas cosmology provides an elegant mechanism to stabilize most of the string moduli
[14, 15, 16, 17, 18, 19], the one exception being the dilaton field. The dynamics of the
compact dimensions relative to our three large spatial ones is studied in more detail
in [20, 21, 22].
In this paper, we would like to discuss the non-Gaussianities in string gas cosmol-
ogy. Non-Gaussianity is one of the most important quantities which can be measured
in upcoming experiments. Non-Gaussianity is characterized by amplitude, shape, sign
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and even running. Thus, it may contain a lot of information about the very early
universe, and can be used to rule out models and set constraints on model building.
In practise, the amount of non-Gaussianity is often described using the quantity
fNL [23], which is of the order
fNL ∼ Rg −RR2g − 〈R2g〉
, (1)
where R is the comoving curvature perturbation, and the subscript g denotes its
Gaussian part.
In [24], we developed a method to calculate the non-Gaussianities of the fluctua-
tions with thermal origin. Since in string gas cosmology matter in the early Hagedorn
phase is dominated by a thermal gas of strings, the perturbations are of thermal ori-
gin. Hence, the techniques of [24] can be used to study the non-Gaussianities in SGC
and see under which conditions one obtains a value of fNL which is in the range of
anticipated observations.
This paper is organized as follows. In Section 2, we describe the evolution of
the space-time background during the Hagedorn and radiation-dominated phases. In
Section 3, we use thermal correlation functions to calculate the power spectrum of
scalar metric perturbation and the non-Gaussianities.
2 Space-time Background in String Gas Cosmol-
ogy
In string gas cosmology, the radiation phase of standard cosmology is preceded by
the Hagedorn phase, a phase during which the temperature hovers near its maximal
value, the Hagedorn temperature. Based on the symmetries of string theory, it is
reasonable to assume that this phase is quasi-static in the sense that both the scale
factor and the dilaton are constant. Einstein gravity is inconsistent with this behavior
since it does not contain one of the key symmetries of string theory, T-duality. A
better action to use is dilaton gravity, given by the effective action
S = −
∫
dd+1x
√−ge−2φ[ℜ+ 4gµν∂µφ∂νφ] , (2)
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where ℜ is the Ricci scalar in the string frame, g is the determinant of the metric of
the d + 1 dimension space-time, and φ is the dilaton field. The topology of space is
T d × T 9−d, where d = 3 is the number of the large spatial dimensions, and the other
9 − d spatial dimensions are stabilized at a microscopic scale. The above effective
action only describes the expanding space-time. The conditions to use the above
action are that the string coupling is small and the moduli of the extra compact
small dimensions are stabilized. Similar to what is done in Friedmann cosmology, the
early universe is assumed to be homogeneous and isotropic, given by the metric
ds2 = dt2 − a(t)2dx2 . (3)
Through direct calculation, it follows that the variational equations of motion in
the string frame can be expressed as [2],
− (d)λ˙2 + ϕ˙2 = eϕE (4)
λ¨− ϕ˙λ˙ = 1
2
eϕP (5)
ϕ¨− (d)λ˙2 = 1
2
eϕE , (6)
where E and P are the total energy and pressure in (d + 1) dimension space-time,
and for convenience we introduced λ = ln[a(t)] as the logarithm of the scale factor,
and rescaled the dilaton ϕ = 2φ− dλ.
The dynamics of space-time in SGC results by coupling a thermal gas of strings
as matter (determining the energy and the pressure) to the above background. The
new degrees of freedom and new symmetry of string theory lead to a cosmology which
is rather different from what is obtained in standard cosmology. Let us follow the
universe back in time. At large radii, all of the energy of the strings is in string modes
which behave as usual radiation. It can be shown that in the case of a radiative equa-
tion of state the above background equations reduce to the usual Einstein equations,
and the dilaton can be set to be constant. Thus, at late times SGC and Standard
Big Bang cosmology predict the same evolution of the scale factor. However, at small
radii the string energy will begin to flow into the winding modes. This, in turn, will
lead to a reduction in the pressure. When the radius equals the string scale (or, more
generally, when the energy density exceeds the string energy density), there is an
equal amount of energy in the winding and momentum modes, and their contribution
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to the pressure cancels. It the total pressure vanishes, then, as follows immediately
from (5), the scale factor tends to a constant. Thus, at high densities the universe
hovers in a quasi-static Hagedorn phase.
One set of relevant new degrees of freedom are the winding modes of the closed
string, and the new symmetry is the T-duality. To illustrate these new features,
let us consider string theory on a circle T 1 with radius R. On this background,
there are three classes of string modes: oscillatory modes, momentum modes and
winding modes. The momentum modes correspond to the momentum of the center
of mass of the string, and is analogous to the corresponding momentum states for
a point particle on T 1. The energies of the momentum modes take on the values
n
R
(with positive integers n) due to usual quantization of momenta on this compact
background. The winding modes correspond to the number of times the closed string
winds around T 1. Their energies are quantized as mR, where the positive integer m
is the number of times the string winds the T 1. Since the string oscillatory modes
have energies which are independent of R, the spectrum of the perturbative string is
invariant under so-called T-duality:
R → 1
R
, (n,m) ↔ (m,n) . (7)
The vertex operators also obey this symmetry, and by introducing branes T-duality
can be extended to be a symmetry of the full string theory: it is not just a perturbative
symmetry, but also a non-perturbative one (see e.g. [25, 26]).
As the temperature of the string gas increases, the number of accessible string
oscillatory modes increase exponentially. This leads to the existence of a maximal
temperature for a gas of strings in thermal equilibrium, the Hagedorn temperature
TH [8]. This limiting temperature is reached once the energy density reaches string
density. Because of T-duality, the temperature of a string gas is maximal if R is equal
to the string length ls. Moreover, the higher the entropy of the string gas is at the
duality point R = ls, the larger the region of R values for which the temperature
hovers near the Hagedorn temperature.
The phase during which the temperature is close to the Hagedorn temperature
and the string gas contains a thermal distribution of both winding and momentum
modes is called the Hagedorn phase. During this phase, the winding modes and the
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momentum modes contribute with opposite sign to the pressure, so that the equation
of state is ω = 0 (modulo the contribution of the oscillatory modes). Considering the
above fact, it follows from the equations of motion (4-6) that the string frame scale
factor has a static solution. The evolution of the dilaton is given by
φ¨+ (d)λ˙φ˙− 2φ˙2 = −1
2
eϕE[1 − (d)w] . (8)
In the Hagedorn phase, the dilaton cannot be static, unless the effective field theory
for the background fields is changed. In the radiation phase, on the other hand, the
equations of motion can be combined to show that the dilaton approaches a constant
due to the Hubble damping term.
As discussed in [27] (see also [28]), the time dependence of the dilaton in the
Hagedorn phase which follows from the equations of motion for dilaton gravity con-
flicts with the basic symmetries on which string cosmology must be based. Once the
dilaton becomes large, the string gas should include Dp branes which become light.
The S-duality symmetry of string theory indicates that one should expect that the
dilaton is static in the Hagedorn phase [27]. In order to stabilize the dilaton, extra
ingredients are needed. One attempt to find a background action which is consistent
with the idea of a Hagedorn phase in which both the scale factor and the dilaton
are quasi-static was recently made in [29]. It was based on ideas of tachyon con-
densation, i.e. introducing a moving tachyon condensate. In the context of higher
derivative gravity actions which admit a singular bounce [30], it is possible to obtain
a Hagedorn string gas phase near the bounce point in a model without a dilaton [31].
It is still an open issue how to stabilize the dilaton more naturally.
The transition between the Hagedorn phase and the radiation phase of standard
cosmology is smooth and is triggered by the annihilation of winding and anti-winding
modes into string loops (which behave like radiation). Whereas in the Hagedorn
phase the scale factor is almost constant, in the radiation phase it evolves as
a(t) ∼ t 12 . (9)
Therefore, the Hubble radius is almost infinite in the Hagedorn phase as shown in
Fig.1. During the transition between the Hagedorn phase and the radiation phase
the Hubble radius rapidly decreases. Once in the radiation phase, the Hubble radius
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increases linearly in time as in standard cosmology. Because of the static nature of the
Hagedorn phase, all scales of cosmological interest today are sub-Hubble during this
period. Provided that the Hagedorn phase is sufficiently long, thermal equilibrium
can be established on these scales.
Comoving scales whose physical length today corresponds to the current Hubble
radius had a physical wavelength of the order of 1mm at the end of the Hagedorn
phase, assuming that the temperature at that time was of the order of the scale of
Grand Unification. The length is constant during the Hagedorn phase since the uni-
verse is static. The initial conditions for fluctuations in SGC are very different than in
inflationary cosmology. In inflationary cosmology, the exponential expansion of space
red-shifts any pre-existing matter, leaving matter in a local vacuum state. Thus,
fluctuations are quantum vacuum type. In contrast, in SGC matter is not red-shifted
during the Hagedorn phase. If matter is in a thermal state, then the fluctuations will
be string thermodynamic fluctuations. Since we are interested in length scales which
are in the far infrared compared to the string scale, it is reasonable to assume that
the fluctuations can be treated using Einstein gravity. Given this assumption, it was
discovered in [3] that the spectrum of resulting cosmological perturbations today is
roughly scale-invariant with a small red tilt. The spectrum of gravitational waves is
also almost scale-invariant, but has a slight blue tilt [5], yielding a distinctive signa-
ture of the SGC structure formation scenario for experiments. Since the fluctuations
exit the Hubble radius and evolve outside of the Hubble radius as they do in infla-
tionary cosmology, they are squeezed and yield acoustic oscillations in the angular
power spectrum of cosmic microwave background anisotropies, again as in inflation-
ary cosmology (see e.g. [32] for a comprehensive survey of the theory of cosmological
perturbations and [33] for an overview).
3 Thermal Correlation Functions and Non-Gaussianity
In this section, we calculate the two- and three-point correlation functions of the
scalar metric perturbations, and discuss implications for future experiments.
At the end of the Hagedorn phase, the Hubble scale is decreasing from near infinity
to a very small scale. After the winding modes annihilate with each other and create
7
Figure 1: The figure illustrates how the Hubble radius evolves from the Hagedorn phase
to the radiation-dominated period. Different modes in the Hagedorn phase escape the
Hubble radius with different physical length, and they re-enter the Hubble radius to generate
anisotropies in the CMB.
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more and more radiation, the universe naturally evolves into the radiation dominated
phase. Since during the Hagedorn phase the Hubble radius is much larger than
the physical length of scales we are interested in, we are in the sub-Hubble regime
when matter fluctuations dominate the dynamics. The logic of the calculation is
to compute the matter perturbations during the Hagedorn phase, convert them to
metric fluctuations once the scales exit the Hubble radius at the end of the Hagedorn
phase, and then to evolve the metric fluctuations as is usually done in cosmological
perturbation theory. This is the logic espoused in [3, 4]. We will thus begin with the
computation of the matter fluctuations.
Since the Hagedorn phase is quasi-static and adiabatic, and matter is dominated
by the thermal gas of strings, one can analyze the thermodynamics of these strings
and calculate the thermal fluctuation in the standard way. Starting point for the
computation of the thermal fluctuations is the expression for the partition function of
a gas of closed strings on a compact space with three large spatial dimensions derived
in [34] (see also [35, 36] for other work on string gas thermodynamics). The three
large spatial dimensions are assumed to have toroidal topology such that stable string
winding modes exist.
The correlation functions of the density fluctuation can be obtained from the
partition function Z
Z = Σexp(−βEα) , (10)
where β = T−1. The first step of the analysis is to compute the average energy of a
gas of closed string in a box of length L, which in the limit when the temperature T
is very close to the Hagedorn temperature is given by [37, 3, 4]
〈U〉 ≃ L
2
l3s
ln[
l3sT
L2(1− T
TH
)
] , (11)
where TH is the Hagedorn temperature.
Then, the two-point correlation function for the fluctuation
δρ ≡ ρ− 〈ρ〉 (12)
is given by [3, 37, 4]
〈δρ2〉 = 〈δU
2〉
V 2
=
1
V 2
d2 logZ
dβ2
= − 1
V 2
d〈U〉
dβ
=
T
L4l3s(1− TTH )
. (13)
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Similarly, the three-point correlation function can be expressed as [24]
〈δρ3〉 = 〈δU
3〉
V 3
= − 1
V 3
d3 logZ
dβ3
=
1
V 3
d2〈U〉
dβ2
=
T 2
L7l3s(1− TTH )2
. (14)
Note that the linear density fluctuations is highly gauge-dependent on super-Hubble
scales. Here, however, we are only following the matter perturbations on scales smaller
than the Hubble radius. On these scales, the gauge-dependence is negligible.
In the transition period between the Hagedorn phase and the radiation phase, the
Hubble radius decreases fast, but the physical length of the fluctuations is almost un-
changing. Once the fluctuations leave the decreasing Hubble radius, the fluctuations
freeze out. During the radiation phase, the perturbations red-shift as standing waves,
but maintain the information about their thermal origin in the initial Hagedorn phase.
Since the fluctuations re-enter the Hubble radius at late times as coherent standing
waves, they will induce acoustic oscillations in the angular power spectrum of CMB
anisotropies in the same way as happens in inflationary cosmology.
The density fluctuations δρk in momentum space are given by those in position
space via
δρk = k
−
3
2 δρ . (15)
When scales exit the Hubble radius, we determine the induced metric perturbation
using the Einstein constraint equations (we are making the assumption that the fluc-
tuations on the infrared scales relevant to current observations are indeed described
by the Einstein equations). As shown in detail in [4] the scalar metric fluctuation Φ
is determined via
Φk ∼ 4piGδρk(a
k
)2 , (16)
where G is Newton’s constant, and Φk is the Fourier mode of the longitudinal gauge
metric perturbation defined via the following expression for the metric including scalar
metric inhomogeneities (in the absence of anisotropic stress):
ds2 = a2
(−(1 + 2Φ)dη2 + (1− 2Φ)dx2) . (17)
Note that in the gauge we are using, on super-Hubble scales the fluctuations in Φ and
δρ have the same spectrum, the factor k2 in (16) being replaced by the square of the
Hubble paramter H in conformal time. However, at Hubble radius crossing H = k,
and thus we obtain the Poisson-like equation (16).
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Since the equation of state parameter 1 + w (where w is the ratio of pressure to
energy density) does not change substantially, the amplitude of the metric perturba-
tion is almost constant after it leaves the Hubble radius. Thus, we can calculate the
late-time power spectrum of cosmological fluctuations from the Hagedorn phase mat-
ter perturbations making use of the constraint equation (16) and the Hubble radius
crossing condition k/a(tH(k)) = H(tH(k))
−1, yielding
〈Φ2
k
〉 ∼ (4piG)2 T
l3s(1− TTH )
k−3 , (18)
where tH(k) is the time when the scale k exits the Hubble radius during the trans-
formation period.
Therefore the power spectrum of Φk can be expressed as
PΦ ≡ k
3
2pi2
〈Φ2
k
〉 ≃ 8G2 T
l3s(1− TTH )
≃ 8( lp
ls
)4
1
(1− T
TH
)
, (19)
where lp is the Planck length, and the temperature T is to be evaluated at the time
tH(k).
Similarly, the three-point correlation function of Φk after leaving thermal equilib-
rium is expressed as
〈Φ3
k
〉 ∼ (4piG)3T
2H(tH(k))
l3s(1− TTH )2
k−9/2 . (20)
When the physical wavelength of the mode k is much larger than the Hubble
radius, the usual practise in cosmological perturbation theory is to focus on the
conserved quantity Rk, the curvature fluctuation in co-moving gauge, given by
R ≃ ζ = Φ + 2
3
H−1Φ˙ + Φ
1 + w
. (21)
The constancy of R is then used to relate early time to late time fluctuations. Since
in the Hagedorn phase w = 0 and in the radiation dominated universe w = 1/3,
then, up to a order one constant, the constancy of R implies the constancy of Φ, the
variable which determines the CMB anisotropies.
Thus, we can directly compute the non-Gaussianity estimator fNL, and it takes
the form
fNL ∼ k− 32 〈R
3
k
〉
〈R2
k
〉〈R2
k
〉 ∼
l3sH(tH(k))
4pil2p
. (22)
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Using the condition of modes escaping and re-entering the Hubble radius k =
a(tH(k))H(tH(k)) = aH and k0 = a0H0, and considering the relationship between
scale factor and temperature, we can estimate the value of the non-Gaussianity to be
fNL ≃ ( ls
lp
)2
H
T
= (
ls
lp
)2
H0
T0
k
k0
≃ ( ls
lp
)2 × 10−30 k
k0
, (23)
where the subscript 0 on H ,T , and k represent today’s values, subscript t represents
the values of Hagedorn phase.
From the above relation, we see that the non-Gaussianity estimator fNL depends
linearly on the mode k. This reflects the fact that thermal string fluctuations lead
to non-Gaussianities which are of order unity on microscopic scales, but which are
suppressed on larger scales in accordance to the Central Limit Theorem. This means
that modes reentering the Hubble radius earlier have a larger non-Gaussianity. This is
very different from what happens in inflationary models, where the non-Gaussianities
are almost scale invariant.
Moreover, fNL depends sensitively on the string scale . If the string scale is high
(comparable to the Planck scale or the scale of Grand Unification), then fNL will be
be too small to be observed in the future experiments. However, if the string scale is
at the TeV scale, then the non-Gaussianity on a scale of k0 is fNL ∼ O(1). For such a
string scale, however, it requires fine tuning of the temperature T of the string gas in
the Hagedorn phase to obtain a power spectrum with reasonable amplitude. Therefore
if the future experiment obtains a non-vanishing non-Gaussianity, this would pose a
significant challenge to string gas cosmology. On the other hand, if non-Gaussianity
with an amplitude growing linearly with k were to be detected, it would provide a
strong signature in support of string gas cosmology with a low string scale.
4 Conclusion and Discussion
In this paper, we have calculated the non-Gaussianity parameter fNL in string gas
cosmology using the formalism developed in [24]. We obtain a result which grows lin-
early with k. For a high string scale, the amplitude of the predicted non-Gaussianities,
however, is much too small to be observable on cosmological scales today.
In general inflation models, the shape of the non-Gaussianity [23] is almost scale
invariant, since during the inflation period different modes exit the Hubble radius
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in almost the same physical environment (the time-translation invariance of the De
Sitter phase). In contrast, in SGC the fluctuations exit the Hubble radius in a phase
in which the string gas is rapidly changing its character. Although the holographic
scaling of the specific heat of a closed string gas can ensure the scale-invariance of
the power spectrum, the three-point correlation function cannot be scale-invariant.
If the string scale is high, SGC cannot give a large non-Gaussianity. The amplitude
could be very hard if not completely impossible to detect in future experiments. If
the string scale is decreased to the TeV scale, which could happen in some scenarios
with warped geometry, then the non-Gaussianity could be large. However, in this one
would require a fine-tuning on the temperature T of the thermal string gas in order
to obtain a power spectrum with reasonable amplitude.
We should also emphasize that the method used here to calculate the three-point
correlation function in SGC is general. It can be applied to inflationary scenarios with
thermal fluctuations. The very early universe has many thermal elements, whose
fluctuations could be the source of non-Gaussianities in the CMB. In the case of
inflation, the physical wavelength of fluctuations when they exit the Hubble radius
is microscopic, compared to the situation in SGC where the length is macroscopic.
This leads to a much larger amplitude of the non-Gaussianities in thermal inflation
models, as shown in [24].
We wish to mention a further caveat to our analysis: we have neglected the possible
existence of cosmic superstrings [38] as a remnant of the early Hagedorn phase. Such
strings would induce extra contributions to the spectrum of fluctuations and would
lead to non-Gaussianities.
Acknowledgments
We would like to thank Miao Li and Bo-Qiang Ma for discussion. One of us (RB)
wishes to acknowledge the hospitality of the KITPC during a visit during which this
project was started. We are grateful to KITPC for its wonderful programme on String
and Cosmology, in which much of this work was done and discussed. BC would like
to thank OCU for its hospitality, where this project was finished. The work was
partially supported by NSFC Grant No. 10535060, 10775002. RB is supported in
13
part by funds from NSERC, the Canada Research Chair program and a FQRNT
Team Grant.
References
[1] R. H. Brandenberger and C. Vafa, “Superstrings in the Early Universe,” Nucl.
Phys. B 316, 391 (1989).
[2] A. A. Tseytlin and C. Vafa, “Elements of string cosmology,” Nucl. Phys. B 372,
443 (1992) [arXiv:hep-th/9109048].
[3] A. Nayeri, R. H. Brandenberger and C. Vafa, “Producing a scale-invariant spec-
trum of perturbations in a Hagedorn phase of string cosmology,” Phys. Rev.
Lett. 97, 021302 (2006) [arXiv:hep-th/0511140].
[4] R. H. Brandenberger, A. Nayeri, S. P. Patil and C. Vafa, “String gas cos-
mology and structure formation,” Int. J. Mod. Phys. A 22, 3621 (2007)
[arXiv:hep-th/0608121].
[5] R. H. Brandenberger, A. Nayeri, S. P. Patil and C. Vafa, “Tensor modes from
a primordial Hagedorn phase of string cosmology,” Phys. Rev. Lett. 98, 231302
(2007) [arXiv:hep-th/0604126].
[6] A. Borde and A. Vilenkin, “Eternal Inflation And The Initial Singularity,” Phys.
Rev. Lett. 72, 3305 (1994) [arXiv:gr-qc/9312022].
[7] J. Martin and R. H. Brandenberger, “The trans-Planckian problem of inflation-
ary cosmology,” Phys. Rev. D 63, 123501 (2001) [arXiv:hep-th/0005209].
[8] R. Hagedorn, “Statistical Thermodynamics Of Strong Interactions At High-
Energies,” Nuovo Cim. Suppl. 3, 147 (1965).
[9] R. Brandenberger, [arXiv:hep-th/0509099]. Challenges for String Gas Cosmology
in the proceedings of the 59th Yamada Conference “Inflating Horizon of Particle
Astrophysics and Cosmology” (University of Tokyo, Tokyo, Japan, June 20 -
June 24, 2005).
14
[10] R. Brandenberger, Moduli Stabilization in String Gas Cosmology, Prog. Theor.
Phys. Suppl. 163, 358 (2006) [arXiv:hep-th/0509159].
[11] T. Battefeld and S. Watson, “String gas cosmology,” arXiv:hep-th/0510022.
[12] S. Alexander, R. H. Brandenberger and D. Easson, Phys. Rev. D 62, 103509
(2000) [arXiv:hep-th/0005212].
[13] R. Brandenberger, D. A. Easson and D. Kimberly, Nucl. Phys. B 623, 421 (2002)
[arXiv:hep-th/0109165].
[14] S. Watson and R. Brandenberger, “Stabilization of extra dimensions at tree
level,” JCAP 0311, 008 (2003) [arXiv:hep-th/0307044].
[15] S. P. Patil and R. Brandenberger, “Radion stabilization by stringy effects in
general relativity,” Phys. Rev. D 71, 103522 (2005) [arXiv:hep-th/0401037].
[16] S. P. Patil and R. H. Brandenberger, “The cosmology of massless string modes,”
JCAP 0601, 005 (2006) [arXiv:hep-th/0502069].
[17] R. Brandenberger, Y. K. Cheung and S. Watson, “Moduli stabilization with
string gases and fluxes,” arXiv:hep-th/0501032.
[18] S. Watson, “Moduli stabilization with the string Higgs effect,” Phys. Rev. D 70,
066005 (2004) [arXiv:hep-th/0404177];
S. Watson, “Stabilizing moduli with string cosmology,” arXiv:hep-th/0409281.
[19] S. Kanno and J. Soda, “Moduli stabilization in string gas compactification,”
Phys. Rev. D 72, 104023 (2005) [arXiv:hep-th/0509074].
[20] M. Sakellariadou, “Numerical Experiments in String Cosmology,” Nucl. Phys. B
468, 319 (1996) [arXiv:hep-th/9511075].
[21] R. Easther, B. R. Greene, M. G. Jackson and D. Kabat, “String windings in the
early universe,” JCAP 0502, 009 (2005) [arXiv:hep-th/0409121].
[22] R. Danos, A. R. Frey and A. Mazumdar, “Interaction rates in string gas cosmol-
ogy,” Phys. Rev. D 70, 106010 (2004) [arXiv:hep-th/0409162].
15
[23] J.Maldacena, “Non-Gaussian features of primordial fluctuations in single field
inflationary models,” JHEP 0305:013,2003 [arXiv:astro-ph/0210603];
V. Acquaviva, N. Bartolo, S. Matarrese and A. Riotto, “Second-order cos-
mological perturbations from inflation?”, Nucl. Phys. B 667, 119 (2003),
[arXiv:astro-ph/0209156];
David Seery and James E. Lidsey, “Primordial non-gaussianities in single field
inflation”, JCAP 0506:003,2005 [arXiv:astro-ph/0503692];
David Seery, James E. Lidsey, “Primordial non-Gaussianities from multiple-field
inflation”, JCAP 0509:011,2005 [arXiv:astro-ph/0506056].
[24] B. Chen, Y. Wang, W. Xue, “Large Inflationary NonGaussianity from Thermal
Fluctuations” arXiv:0712.2345 [hep-th].
[25] J. Polchinski, String Theory, Vols. 1 and 2, (Cambridge Univ. Press, Cambridge,
1998).
[26] T. Boehm and R. Brandenberger, “On T-duality in brane gas cosmology,” JCAP
0306, 008 (2003) [arXiv:hep-th/0208188].
[27] R. H. Brandenberger et al., “More on the spectrum of perturbations in string
gas cosmology,” JCAP 0611, 009 (2006) [arXiv:hep-th/0608186].
[28] N. Kaloper, L. Kofman, A. Linde and V. Mukhanov, “On the new string theory
inspired mechanism of generation of cosmological perturbations,” JCAP 0610,
006 (2006) [arXiv:hep-th/0608200].
[29] R. H. Brandenberger, A. R. Frey, S. Kanno, Phys. Rev. D 76, 083524 (2007)
[arXiv:0706.1104 [hep-th]].
[30] T. Biswas, A. Mazumdar and W. Siegel, “Bouncing universes in string-inspired
gravity,” JCAP 0603, 009 (2006) [arXiv:hep-th/0508194].
[31] T. Biswas, R. Brandenberger, A. Mazumdar and W. Siegel, “Non-perturbative
gravity, Hagedorn bounce and CMB,” arXiv:hep-th/0610274.
16
[32] V. F. Mukhanov, H. A. Feldman and R. H. Brandenberger, “Theory Of Cosmo-
logical Perturbations. Part 1. Classical Perturbations. Part 2. Quantum Theory
Of Perturbations. Part 3. Extensions,” Phys. Rept. 215, 203 (1992).
[33] R. H. Brandenberger, “Lectures on the theory of cosmological perturbations,”
Lect. Notes Phys. 646, 127 (2004) [arXiv:hep-th/0306071].
[34] N. Deo, S. Jain, O. Narayan and C. I. Tan, “The Effect of topology on the
thermodynamic limit for a string gas,” Phys. Rev. D 45, 3641 (1992).
[35] D. Mitchell and N. Turok, “Statistical Properties of Cosmic Strings,” Nucl. Phys.
B 294, 1138 (1987).
[36] B. A. Bassett, M. Borunda, M. Serone and S. Tsujikawa, “Aspects of string-
gas cosmology at finite temperature,” Phys. Rev. D 67, 123506 (2003)
[arXiv:hep-th/0301180].
[37] A. Nayeri, “Inflation free, stringy generation of scale-invariant cosmological fluc-
tuations in D = 3+1 dimensions,” arXiv:hep-th/0607073.
[38] E. Witten, “Cosmic Superstrings,” Phys. Lett. B 153, 243 (1985).
17
